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Abstract; Ectothermic drosophilids are profoundly affected by thermal selection (i. e., genetic effects) or 
through induced effects on phenotype (i. e., plasticity). Phenotypic plasticity is a powerful means of 
adaptation in diverse organisms but has received less attention for different drosophilids. We analyzed 
reaction norms of melanisation in Drosophila species which differ in developmental thermal range and 
geographical distribution. D. ananassae and D. jambulina are cold sensitive, and these species can be 
cultured between 18 to 32°C. By contrast, D. nepalensis is cold-tolerant and heat-sensitive species which 
can be raised between 12 and 25°C. The cosmopolitan species D. melanogaster has a broader thermal 
range (13 -31% ). Significant differences were observed between reaction norms of melanisation in three 
anterior vs. three posterior abdominal segments in these species. In D. nepalensis, all the six abdominal 
segments (2nd —7th) are highly plastic. However, only the last three abdominal segments are plastic in 
D. melanogaster. In contrast, D. ananassae (a tropical species) lacks plasticity for all abdominal 
segments. Cosmopolitan species ( D. melanogaster), even from much colder climates, does not show 
darker phenotypes similar to that observed in D. nepalensis. The aim of this study is to understand the 
processes involved in generating the morphological diversity of color patterns and adaptation of Drosophila 
species to different geographical regions. Finally, comparing body melanisation patterns to phylogeny 
suggests recurrent adaptations for genetic polymorphism vs. phenotypic plasticity in different evolutionary 
lineages. 
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1 INTRODUCTION 


Ectothermic insect taxa adapt to environmental 
heterogeneity by genetic polymorphism or phenotypic 
plasticity (Michie et al., 2010). In diverse species 
of butterflies and moths, body color morphs represent 
genetic polymorphism and confer local adaptations. 
Melanic and non-melanic morphs are genetically 
determined and melanic morphs are more fit under 
colder climates ( Brakefield and Willmer, 1985; de 
Jong et al., 1996; Soares et al., 2003; Clusella- 
Trullas et al., 2008, 2009; van Rensburg et al., 
2009 ). 
geographical gradient may select darker morph due to 
their higher fitness ( genetic 
polymorphism ). Thus, for spatial heterogeneity of 


Environmental heterogeneity along a 


survival or 


environment, genetic polymorphism might be a better 
strategy for ectothermic organisms. In contrast, 
phenotypic plasticity should be advantageous for 
temporally (seasonally) varying environments. Some 
species have evolved fixed local adaptations through 


genetic polymorphism while others show a plastic 


response to environment. Drosophila species include 
thermal specialist ( stenothermal, cold or warm 
adapted ) and generalist species but it is not clear 
whether they adapt to climatic conditions through 
genetic polymorphism or phenotypic plasticity or 
both. 
Phenotypic plasticity results in multiple 
phenotypes from a single genotype depending upon 
A wide 


organisms express phenotypic plasticity in response 


environmental conditions. variety of 


to biotic and abiotic factors of their environment 
( Dewitt and Scheiner, 2004 ). 


responses include changes in ecologically relevant 


These plastic 


morphological, physiological and life history traits. 


Phenotypic plasticity can evolve if fitness is 
increased due to changed phenotypes. Most studies 
have emphasized genotype-environment interactions 
and their evolution in diverse organisms. However, 
ecological consequences of phenotypic plasticity have 
received less attention so far. The role of phenotypic 
plasticity is important for understanding organism 
climate changes. For 


responses to man-made 
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ectothermic insect taxa including drosophilids, 
inducible changes in body melanisation due to 
changes in thermal environments may affect insect 
distribution patterns. 

In the case of body melanisation, phenotypic 
plasticity leads to lighter flies at higher temperatures 
and darker flies at lower temperatures ( David et al., 
1990). Such a phenomenon which is observed in 
numerous insects and other animals ( Watt, 1968; 
Jones et al., 1977; Merrel, 1981; Goulson, 1994) 
is generally interpreted by the thermal budget 
hypothesis. At low ambient temperatures, it is better 
to be darker for absorption of solar radiation and thus 
increasing internal temperature while the reverse is 


higher 
manifestations of melanisation differ greatly across 


true at temperatures. Phenotypic 
various insect taxa. Field data suggest that darker 
individuals of alpine butterflies are better adapted to 
high-elevation localities while lighter phenotypes 
prevail in the foothills. However, there is lack of 
evidences for the adaptive role of body color 
plasticity in diverse Drosophila species. Some studies 
on phenotypic plasticity suggest that local adaptation 
of the body melanisation might result from the 
modification of the shape of reaction norm. 

Some major questions in evolutionary biology 
are: (a) Is plasticity adaptive and whether the levels 
of plasticity are similar in various Drosophila 
species? (b) How important is phenotypic plasticity 
in determining the geographical range of a species? 
To better understand these questions, one must 
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compare reaction norms among Drosophila species. 
Majority of the 
considered only one 


studies on melanisation have 


cosmopolitan species D. 
melanogaster and in some cases D. simulans for 
making comparisons between sibling species ( David 
et al., 1990; Gibert et al., 1996, 2000; Dewitt and 
Scheiner, 2004). If we compare body melanisation 
plasticity in several species covering cosmopolitan to 
endemic, cold sensitive to cold resistant, and heat 
sensitive to heat resistant, it would provide a broad 
view of this problem and this is the major focus of 
this study. We analyzed melanisation plasticity in 
three species of Drosophila from the Indian 
subcontinent (Figs. 1-5). For a broader view, we 
considered a few other Drosophila species which 
differ in their thermal limits and geographical 
distributions ( Fig. 2). Further, an attempt has 
been made to examine associations between levels of 
melanisation plasticity and distribution patterns in 


different Drosophila species. 


2 MELANISM: A FAST EVOLVING 
TRAIT 


Melanin plays important roles in insect ecology , 
including mate recognition ( Wiernasz, 1989, 1995; 
Ellers and Boggs, 2002, 2003) , protection against 
ultraviolet radiation (Zellmer, 1995; Gunn, 1998) , 
thermoregulation ( Watt, 1968; Roland, 1982; 
Kingsolver, 1987; de Jong et al., 1996; Ottenheim 


et al., 1999) and desiccation resistance ( Parkash et 
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A schematic representation of thermal range for development of Drosophila nepalensis (temperate ) , 


D. melanogaster (cosmopolitan) and D. ananassae (tropical) 
Temperate and tropical species differ significantly in their thermal range at which they can develop under laboratory conditions. 
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al., 2008). The degree of melanisation is expected to 
differ between populations as well as species that 
different 
Melanisation generally increases in populations from 


experience environmental conditions. 
higher elevation or latitude ( Downes, 1965; Mani, 
1968; Wait, 1968; Brakefield, 1984; Guppy, 1986; 
Stewart and Lees, 1996). The adaptive significance of 
melanisation depends on the behavioral and 
physiological adaptations of color morphs and must be 
considered relative to the prevailing environmental 
conditions. Body melanisation variability in Drosophila 
has been investigated in many species and there is a 
general consensus to recognize that it is a fast evolving 
trait which is not strongly influenced by phylogenetic 
constraints ( Gibert et al., 1996; Hollocher et al., 
2000; Kopp et al., 2000; Wittkopp et al., 2003). 

In Drosophila, the basic pattern for each abdomen 
tergite is a yellow background with a dark stripe of 
melanin at the posterior margin. The extension of the 
segment melanisation in females is extremely variable, 
being influenced by temperature, segment variability 
and is quite easy to quantify ( David et al., 1990; 


Gibert et al., 2000). Low temperatures ( and higher 


latitudes ) favor higher melanisation in insects 
( Timofeeff-Ressovsky, 1940; Vernberg, 1962; 
Ehrlich and Holm, 1963). A wide diversity of 


selective pressures can affect melanism in various 


Drosophila species. Insect cuticle and cuticular 
pigments form an interface between insect physiological 
and biotic factors of the 


systems and abiotic 


environment in which they live. Numerous 
physiological adaptations can be envisaged due to 
dynamic changes in the climatic conditions. Changes 
in climatic factors such as temperature and humidity 
are likely to affect melanisation patterns. Altitudinal 
clines for abdominal melanisation exist in widespread 
Drosophila species and are generally interpreted as a 
climatic 


consequence of an adaptation to local 


Increased melaniastion at lower 
thought to be 
thermoregulation and to improve metabolic activity 
(Waitt, 1969; David et al., 1985, 1990; Capy et al., 
1988, Gibert et al., 1996, 1998; Holloway, 1997). 


Some studies have evidenced an adaptive role of body 


conditions. 


temperatures is adaptive for 


melanisation in coping with desiccation stress 
encountered at higher elevations as well as higher 


latitudes on the Indian subcontinent ( Parkash et al., 


2008 ) . 


3 MELANISATION PATTERNS AND 
PHYLOGENY 


Abdominal melanisation has evolved independently 
in a number of Drosophila groups and subgroups 


(Fig. 2). In drosophilids and other insects, 


pigment synthesis pathways are conserved. Pigment 
precursors are polymerized derivatives of dopa and 
dopamine and are incorporated into developing 
cuticle during late pupal stages. Phenotypic diversity 
of pigment patterns is due to regulatory genetic 
changes. In spite of the fact that more than three 
thousand species have been described under 
Drosophilidae and about 1 000 species belong to 
genus Drosophila, body melanisation has been 
analyzed only in a few dozen species. Some 
widespread drosophilids exhibit very high variation 
for abdominal melanisation. Abdominal melanisation 
is a conspicuously variable, potentially adaptive trait 
in Drosophila. The variation is displayed among 
species groups ( Garcia-Bellido, 1983), between 
closely related species ( Hollocher et al., 2000) , 
between sexes within a species ( Kopp et al., 2000) , 
and geographically within a species ( Heed, 1963; 
Robertson et al., 1977; Ohnishi and Watanabe, 
1985). 

In the present work, we considered eleven 
Drosophila species which occur abundantly on the 
Indian subcontinent ( Fig. 2). Drosophilids are 
subdivided into taxonomic units of various levels 
groups and subgroups ) 


Fig. 2 illustrates four 


( genera, subgenera, 

( Throckmorton, 1975 ). 
species subgroups of subgenus Sophophora and genus 
Drosophila. These subgroups include melanogaster 
(2 species); ananassae (3 species); montium (4 
species ) and takahashii species subgroup ( 2 
species ). Interestingly, species of each subgroup 
differ in their thermal range of development as well 
as distribution pattern. For example, D. 
melanogaster occurs all along the Indian subcontinent 
but D. simulans appears to be available mainly in 
Further, both species lack 


genetic polymorphism for body melanisation but there 


northern localities. 


is higher plasticity in D. simulans as compared with 
D. melanogaster. Thus, a difference in plasticity 
potential among these two Drosophila sibling species 
seems to be related to their regional distribution 
patterns. A higher plasticity of D. simulans at colder 
temperatures could be adaptive for this species under 
highland localities in western Himalayas. 

Secondly, three species of ananassae species 
subgroup are represented by lighter body color and 
lack phenotypic plasticity. Such characteristics 
confer adaptations to warm environments in which 
these species occur on the Indian subcontinent. A 
sole exception is D. ananassae which is the 
cosmopolitan species in this species subgroup. This 
species shows total body color dimorphism ( darker 


vs. lighter body color morphs in D. ananassae). In 
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Body melanization 


Quantitative Genetic Plasticity 
variation polymorphism Species subgroup 
melanogaster Yes No Yes 
melanogaster 
simulans Yes No Yes (high) 
ananassae Very low Yes No 
bipectinata Very low No No - ananassae 
malerkotliana Very low No No 
punjabiensis No Yes Yes 
rufa Yes No (2nd+3rd+4th) 
montium 
kikkawai No Yes Yes (high) 
jambulina No Yes No 
. No Yes No 
takahashii | takahashii 
nepalensis Yes No Yes (very high) 
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Fig. 2 Phylogenetic-taxonomic dendogram showing the position of the eleven Drosophila species along with 


the type of genetic or plastic effects for body melanisation 
Each species subgroup is believed to be monophyletic clade. A comparison of body melanisation variation data to phylogeny suggests that independent 


adaptive changes have occurred in the evolution of different species of each species subgroup. 


the warmer areas, light morph of D. ananassae is 
abundantly available but darker morph is mainly 
confined to foothill localities. Thus, ecological success 


of D. 


bipectinata and D. malerkotliana which can be argued 


ananassae is much higher than that of D. 


due to body melanisation pattern differences in these 
species. 

Thirdly, if we consider four species of montium 
species subgroup, the situation is more diverse. Two 
closely related species (D. punjabiensis and D. rufa) 
differ in their melanisation plasticity vs. genetic 
polymorphism levels, i. e., D. rufa is cold adapted and 
shows higher phenotypic plasticity but no genetic 
body 
punjabiensis has mainly adopted genetic polymorphism 
for body color morphs and is well adapted to milder 


polymorphism for color. In contrast, D. 


climatic conditions. This species has limited plasticity 
at colder growth temperatures only for three anterior 
abdominal segments. Fig. 2 shows another clade for 
D. jambulina and D. kikkawai ( both of montium 
species subgroup) that show genetic polymorphism for 
body color (mainly for the last two abdominal segments 
in the females). These species also lack phenotypic 
plasticity for body color. Both these species have 
adapted to a wider range of habitats on the Indian 
subcontinent. 

Finally, a quite different conclusion arises when 
we consider two species of takahashii species subgroup 
(i.e., D. nepalensis and D. takahashii). These two 
species differ markedly in their body melanisation 


nepalensis but 
genetic polymorphism in D. takahashii. These species 


pattern, i. e., higher plasticity in D. 


might have evolved their body melanisation patterns 
and hence their distribution pattern independently of 
each other. Comparing body melanisation patterns to 
phylogeny suggest recurrent adaptations for genetic 
polymorphism vs. phenotypic plasticity in different 


evolutionary lineages. 


4 MELANISATION AND SPECIES 
DISTRIBUTION 


For ectothermic drosophilids, thermal sensitivity 
has the potential to influence the ecology and finally 
Accordingly, we analyzed 

altitudes to 


variation in melanisation in nature. Table 1 shows 


fitness of a species. 


species from different investigate 
data on collection sites along with the relative 
abundance and association between altitude and 
melanisation for populations of three species of 
Drosophila. Fig. 3 shows the patterns of distribution 
and melanisation along altitudinal gradient. Analysis 


of different body 


melanisation is phenotypically and/or quantitatively 


species demonstrates that 
variable in different species ( Fig. 2) and is 
subjected to natural selection pressure for increased 
melanisation under colder and drier conditions. To 
compare the relationship of melanisation with altitude 
of origin of populations in three Drosophila species, 
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results of simple regression are given in Table 2. 
Slope values are significantly higher in D. nepalensis 
( cold adapted ) than D. melanogaster 


( cosmopolitan ), whereas D. 
adapted ) 
altitude. 


ananassae ( warm 
showed a non-significant relation with 


Table 1 Relative species abundance ( %) and body melanisation in six altitudinal populations of three Drosophila species 


Population Lat. Tove 

( Alt., m) (°N) (TC) Dn 

Chandigarh (347 ) 30. 44 23.45 0 

Parwanoo (470) 30. 48 23.75 0 

Kalka (600) 30.21 21.25 0 
Solan (1 440) 30.58 19.55 35.2 
Shimla (2 202) 31.06 13.60 42.8 
Kufri (2 510) 31.78 9.08 48.9 


Relative abundance (% ) 


% Melanisation 


Dm Da Dn Dm Da 
30.0 32.0 - 32.0 2.1 
28.2 26.1 - 38.5 2.3 
29.1 23.5 - 43.2 2.2 
28.0 0 48.2 54.8 - 
31.5 0 83.1 68.2 - 
27.8 0 94.5 70. 1 7 


Dn; D. nepalensis; Dm; D. melanogaster; Da; D. ananassae. Data on geographical and climatic variables of the origin of populations are also given. 


Tve: Average temperature. 


Table 2 Simple regression analysis of pigmentation variability of segment (2nd +3rd +4th) and 
segment (5th +6th+7th) as a function of altitude of origin of three Drosophila species 


2nd + 3rd + 4th Sth + 6th + 7th 
Species 
r b r b a 
D. nepalensis 0.99 0.02 +0. 003 = 13.52 +0.21 ™ 0.99 0.03 +0.001 “™ 19.22 +0. 28 ™ 
D. melanogaster 0.97 0.003 +0. 0004 * 7.90 +0.57™ 0.97 0.02 +0.003 ™ 13.61 +3.15™ 
D. ananassae 0.71 0.0001 +0. 0001 ns 1.90 +0. 08 * 0.63 0.0001 +0.0001 ns 0.99 +0. 06 ™ 


y =a+bx; a= intercept; b = slope; r = correlation. * ; P<0.05; ™: P<0.01; “ : P<0.001; ns; Not significant. 


A 100 


80 -@ Cold adapted 
(D. nepalensis ) 





= 
© 
$ 60fF Æ Generalist 
3 (D. melanogaster) 
cS 
D 
= 40 
x 
20 
<- Warm adapted 
(D. ananassae) 
0 


300 600 900 1200 1500 1800 2100 2400 2700 


Altitude (m) 


B 50 


Æ- Cold adapted 
(D. nepalensis) 


40 


-A- Generalist 
(D. melanogaster) 


% Distribution 


30 


<- Warm adapted 
30 (D. ananassae) 





300 600 900 1200 1500 1800 2100 2400 2700 
Altitude (m) 


Fig. 3 Altitudinal changes in (A) percent body melanisation and ( B) percent species distribution of generalist and 
specialist (cold and warm adapted) Drosophila species along an altitudinal gradient in the western Himalayas 


Values for t-test and coefficient of variation (CV) 
differ significantly in three species for the anterior vs. 
posterior abdominal segments (Table 3). Comparisons 
of quantitative and plastic responses for different 
species reveal that segments 2nd + 3rd + 4th behave 
quantitatively in all the species but show plastic 
response only in cold adapted ones, while 5th + 6th + 
7th behave differentially in all the three species ( Table 
4). In spite of various studies on phenotypic plasticity 
till now, most studies are restricted to the three 
posterior segments. However, it is not clear why 
plasticity of segment 2nd, 3rd and 4th is very restricted 
in D. melanogaster and how these segments behave in 
other drosophilids. 


5 PLASTICITY: A KEY FOR 
SURVIVAL UNDER VARIABLE 
ENVIRONMENTS 


Body melanisation in numerous ectotherm 
species is known to exhibit broad variation, resulting 
either from genetic polymorphism or phenotypic 
plasticity. Increased melanisation at lower 
temperatures is generally thought to be adaptive for 
thermoregulation: being darker will favor the 
absorption of light radiation and thus improve 
metabolic activity at low temperature; the reverse 


being true at high temperature. Phenotypic plasticity 
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Table 3 A comparison of phenotypic plasticity of abdominal melanisation of three anterior (2nd +3rd +4th) and 
three posterior segments (5th +6th+7th) in three Drosophila species 


Species 
(GT range, C) CV 
D. nepalensis (12 -25) 61.14 
D. melanogaster (13 -31) 20.05 
D. ananassae (18 - 32) 1.80 


Plasticity (2nd + 3rd + 4th) 


Plasticity (Sth + 6th + 7th) 


t-test CV t-test 
31.15" 58.75 63.25 == 
7.33% 52.03 59.15 = 
0.71 ns - - 


Plasticity was quantified as coefficient of variation (CV) across complete thermal range; and on the basis of t-test for comparison of 


body melanisation between lowest vs. highest growth temperature (GT). D. ananassae flies lacks melanisation in the 5th + 6th +7th 


segments. “™; P<0.01; ““: P<0.001; ns: Not significant. 


Table 4 A comparison for quantitative and plastic responses for body melanisation of (2nd +3rd +4th) and 
(5th +6th +7th) segments in different Drosophila species 


2nd +3rd +4th 


Sth + 6th +7th 


Correlation (r) 


Species 
Quantitative response Plasticity Quantitative response Plasticity (2nd + 3rd +4th vs. Sth + 6th +7th) 

D. melanogaster Yes Less Yes Yes ns 
D. kikkawai Yes Less No Less ns 
D. ananassae Yes No Yes No ns 
D. nasuta Yes No No No ns 

D. jambulina Yes No No No ns 
D. nepalensis Yes Very high No Very high ns 
D. takahashii Yes Moderate Yes High ns 


The correlation values between (2nd +3rd +4th) and (5th +6th +7th) are not significant (ns). 


of melanisation has been quantified on the mesothorax 
(a dark pattern with a trident shape) and on the last 
three tergites of female abdomen segments in D. 
melanogaster and related species and there is lack of 
data for the three anterior abdominal segments ( David 
et al., 1985; Capy et al., 1988; Parkash and Munjal, 
1999 ). 


temperatures but the various segments do not react in 


Darker flies are obtained at lower growth 


the same way and exhibit different levels of plasticity in 
different groups of drosophilids. 
5.1 Shapes of reaction norms 

Temperate and tropical populations live in 
different environments ( and because of phenotypic 
plasticity ) may show huge differences in their 
phenotypes. 
between 


Reaction norms due to interaction 


melanisation and developmental 
temperatures differ in Drosophila species. Average 
reaction norms of six abdominal segments in three 
drosophilids are shown in Fig. 4 a (2nd + 3rd + 
4th) and Fig. 4 b (5th + 6th + 7th). The Fig. 4 
illustrates that various segments exhibit different 
reaction norms in drosophilids. For the three anterior 
segments, D. nepalensis and D. melanogaster differ 
significantly in the shapes of reaction norms, 
suggesting the former species to be more plastic. 
However, the last three segments behave in both the 
species in a corresponding way and also exhibit a 
large amount of plasticity. As expected, the warm 
adapted species, D. ananassae, does not respond to 


different growth temperatures. This corresponds to 
the lack of phenotypic plasticity and their absence 
from colder areas. Another significant difference 
between the three species concerns the minimum 
melanisation in the warm adapted and maximum in 
the cold adapted species. Within the frame of the 
thermal budget hypothesis, the light body color in 
warm adapted species should be a handicap under 
colder climates. In cold adapted D. nepalensis the 
abdominal segments 2nd to 4th are highly plastic. 

Fig. 5 illustrates contrasting differences in the 
melanisation plasticity of three anterior versus three 
posterior abdominal segments of the three Drosophila 
species. Melanisation plasticity is quite high in D. 
nepalensis but very low in case of D. ananassae while 
D. melanogaster has shown a moderate level of 
plasticity. These varying plasticity levels correspond 
with species survival in different climatic (temperate 
vs. tropical) zones. 
5.2 D. nepalensis: a temperate species 

Many studies have focused on the role of 
phenotypic plasticity in adapting to natural 
environments ( Dewitt and Scheiner, 2004). The 
patterns for varying 
environmental conditions in different species (cold, 


melanisation differ under 
warm and cosmopolitan). Cold adapted species show 
higher plasticity for melanisation (segments 2nd to 
7th, Fig. 4, Table 3). Unlike cosmopolitan species 
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Contrasting patterns of body melanisation plasticity for three anterior abdominal segments (2nd +3rd +4th) (A) and 


three posterior abdominal segments (5th + 6th+7th) (B) as a function of different growth temperatures for 


cold adapted Drosophila nepalensis , generalist D. melanogaster and warm adapted D. ananassae 
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D. nepalensis D. melanogaster D. ananassae 


(Cold adapted) 
Fig. 5 Melanisation plasticity as coefficient of variation 
(CV) (%) (mean + SE) for abdominal segments 
2nd + 3rd +4th and 5th + 6th + 7th due to 
changes in growth temperatures 
D. nepalensis flies have the ability to extend melanin in the anterior 


(Cosmopolitan) (Warm adapted) 


segments as a consequence of high level of plasticity. The levels of 
plasticity are D. nepalensis > D. melanogaster > D. ananassae. 


(D. melanogaster) , where the three anterior segments 
show very low plasticity as compared to the posterior 
segments (5th to 7th), cold adapted species, D. 
nepalensis shows quite high plasticity for melanisation 
in all the six segments. In accordance to the thermal 
melanism hypothesis which states that darker is better 
under colder environment, cold adapted species show 
higher level of plasticity of 2nd, 3rd, and 4th segment 
for better survival. This may be the reason why a cold 
adapted species with a narrow or limited thermal range 
shows higher plasticity. The distribution of this species 
is limited by its sensitivity to heat. D. nepalensis, is 
restricted to higher altitudes and is highly sensitive to 
higher temperatures. Due to global warming, it has 
shifted its boundaries to higher altitudinal localities 
( Rajpurohit et al., 2008). Abdominal melanisation is 
correlated with cold tolerance ( Parkash et al, 2010). 
Because of high phenotypic plasticity of abdominal 
melanisation in D. nepalensis, this cold adapted 
species is retracting from lower as well as mid- 


altitudinal localities, giving an evidence of adaptive 
plastic effects due to increase in ambient temperature. 
5.3 D. melanogaster: a cosmopolitan species 

Abdominal melanisation has been extensively 
studied in D. melanogaster ( Wittkopp et al., 
2003). However, most investigations on phenotypic 
plasticity have considered only the last three tergites 
(David et al., 1990; Gibert et al., 1996, 2000; 
Dewitt and Scheiner, 2004). We compared the 
reaction norms for all the six abdominal segments. It 
is surprising that the cosmopolitan species even from 
much colder climates and/or much lower growth 
temperatures shows a significant difference in 
plasticity in the three anterior segments as compared 
to cold adapted D. nepalensis. The melanisation 
difference in the two groups is fairly significant and 
do seem to correlate with climatic conditions. D. 
melanogaster implements a mixed strategy - 
phenotypic plasticity as well as genetic selection. 
Firstly, phenotypic plasticity is used to produce 
different phenotypes according to seasons in the same 
locality. Secondly, genetic differences between 
geographical populations are also observed in relation 
to latitude and altitude; such clines are mainly 
documented for thoracic melanisation and the last 
three tergites. 
5.4 D. ananassae: a tropical species 

In tropics, temperature is relatively consistent 
but there are significant variations in precipitation. 
In tropical populations of Drosophila species, body 
color polymorphism is maintained by humidity 
changes as opposed to thermal melanism ( Parkash et 
al., 2009). In tropical species, body melanisation is 
significantly very low ( D. ananassae species 
subgroup). D. ananassae is a stenothermal species, 
physiologically adapted to a narrow range of 
development at higher temperatures. The phenotypic 
plasticity related to growth temperature is much 
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reduced in warm adapted species and the tropical 


species might not react to environmental 
temperature. Tropical species may adapt to variable 
environmental conditions through changes in allele 
For their 


thermal adaptation, some warm adapted species 


frequency for dark and light morphs. 


exhibit a strategy of genetic polymorphism over that 
of phenotypic plasticity. We also analysed other 
warm adapted species, D. nasuta and D. bipectinata 
and the level of melanisation is quite low and these 
species also lack phenotypic plasticity. 
5.5 Plastic strategies in other insect taxa 

For species that live in different climatic zone, 
seasonal changes are the simple facts of life. Cold 
seasons alternate warmer seasons, and rainy periods 
may alternate with drier times. Such climatic 
conditions tend to translate plasticity patterns in 
different insect taxa. However, in sub-tropic, 
seasonal changes in temperature tend to alternate 
with sometimes one, and sometimes two dry seasons 
each year. In contrast, environment in the tropics is 
mostly without seasons. Insects can cope with 
seasonal environments through phenotypic plasticity 
which allow a single genotype to produce different 
phenotypes ( Holloway et al., 1997; Dewitt and 
2004 ). Under varying 


environment in temperate regions, wing color pattern 


Scheiner , seasonally 
in different lepidopterans confers adaptive response 
such as crypsis and thermoregulation (Gotthard and 
Nylin, 1995; Danks, 2007; Stoehr and Goux, 
2008). In generalist species — D. melanogaster , 
seasonal variation in body color due to phenotypic 
plasticity affect stress related traits ( Parkash et al., 
2009). By contrast, in D. ananassae, there is no 
effect of growth temperatures on the light and dark 
body color strains. Thus, this stenothermal species 
does not use phenotypic plasticity to produce body 
color phenotypes. Two other warm adapted 
Drosophila species have also shown lack of thermal 
phenotypic plasticity effects on body melanisation, 
e.g., D. polymorpha (Brisson et al., 2005) and D. 
jambulina (Parkash et al., 2009). Thus, changes in 
body color of these two warm adapted Drosophila 
species are not in agreement with thermal-melanism 
hypothesis. In these species the dominance of light 
allele over the dark may help these species in 
adaptation to warm and humid environment in the 
tropics. These species lack intermediate individuals 


due to dominance of light allele. 


6 CONCLUSION 


Various drosophilids are distributed almost 


throughout the world and changes in abdominal 
melanisation offer potential adaptations in different 
Drosophila species. Temperature differences are 
sufficiently pronounced in the various geographical 
regions; hence we might predict a_ positive 
correlation between abdominal melanisation and 
adaptation to different geographical regions. Three 
groups of drosophilids, i. e., temperate, tropical and 
cosmopolitan, studied here have shown different 
strategies in melanisation pattern for adapting to their 
thermal environments. 


found that D. 


colder and dry regions of the western Himalayas 


In the present study, we 
nepalensis, restricted to the much 


shows maximum plasticity. D. melanogaster is found 
in various habitats but not in too cold or too hot 
regions and melanisation plasticity is intermediate; 
whereas, D. ananassae loves to be in warm and 
humid areas and lacks plasticity. These results are in 
favor of thermal budget hypothesis. 

Phenotypic plasticity for abdominal melanisation 
in drosophilids is still insufficiently investigated but 
is relevant to understand natural population ecology. 
From this study we come out with a more generalized 
trend in different species, according to the degree of 
melanisation under different growth temperatures. 
D. nepalensis flies evolving at colder temperatures 
gain further increase in melanisation in all abdominal 
segments (2nd to 7th). There are significant 
differences in the melanisation in 5th, 6th, and 7th 
segments due to phenotypic plasticity in temperate 
vs. tropical species. Temperate and tropical species 
differ significantly in their thermal range at which 
they can develop under laboratory conditions. The 
tropical and humid environment is associated with 
average phenotypes that are lighter than those found 
( darker 


phenotypic plasticity for 


sub-tropical environments 
Further, 


melanisation are much higher in cold adapted than in 


in drier, 
phenotypes ). 


cosmopolitan and warm adapted species. Most 
species at warmer regions are light colored with 
narrow dark stripes on the abdomen, but in colder 
places (Himalayan regions) a very dark form (D. 
nepalensis ) occurs abundantly. Dark surfaces absorb 
heat more rapidly than light surfaces. Therefore, in 
colder areas, melanics may be at a significant 
advantage if they can warm up and become active 
while non-melanics cannot. The associations of 


abdominal melanisation phenotypes with the 
environments (that are seen at intra- as well as inter- 
specific levels) suggest that abdominal melanisation 
may be the adaptive phenotype underlying the 


diversification of Drosophila species. 
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HE: AUREL BIRR Drosophila BRAS PTF ( AEE WUT) Be TE Sy BIA BEE) p Pe FE YB AE ES Pa] AE 
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Ta FE A] FE_(13 ~31C), BOPP 3 MEEA 3 “SAY A he i A HL eH D. nepalensis HÆR 6 A 
A (38 2 ~7 7) SY BA ARKAE, Ak, KERI D. melanogaster RAR 3 SRW AA TBE. AA, Pt 
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